We have investigated photodetectors based on an AlGaAs/GaAs double barrier structure with a nearby lattice-matched GaInNAs absorption layer. Photons with the telecommunication wavelength k ¼ 1:3 lm lead to hole accumulation close to the double barrier inducing a voltage shift DVðVÞ of the current-voltage curve, which depends strongly on the bias voltage V. A model is proposed describing DVðVÞ and the photocurrent response in excellent agreement with the experimental observations. According to the model, an interplay of the resonant tunneling diode (RTD) quantum efficiency gðVÞ, the lifetime of photogenerated and accumulated charge carriers sðVÞ, and the RTD current-voltage relation in the dark determines best working parameters of RTD photodetectors. Limitations and voltage dependencies of the photoresponse are discussed. Resonant tunneling diodes (RTDs) are nonlinear devices with a large spectrum for applications, ranging from high frequency oscillators up to the THz range, logic elements, nanothermometry, and high sensitive light detectors at the telecommunication wavelength. [1] [2] [3] [4] [5] [6] [7] The broad spectrum of applications is due to the RTD's distinguished characteristics, e.g., the region of negative differential conductance, and an inherent high speed of electron dynamics combined with a relative structural simplicity. 8 RTDs operated as photodetectors show a remarkable photoresponse with the possibility to detect single photons. [9] [10] [11] [12] [13] Hereby, the RTD is serving as an internal amplifier of weak electric signals caused by photogenerated charge carriers. Extensive work has been done, e.g., to demonstrate single photon detection and even photon counting, 9, 13, 14 yet some dynamic effects that shape the RTD photocurrentvoltage relation itself have remained uncharacterized. As demonstrated here, the photocurrent response is built by the intertwining of various processes of different nature.
Charge accumulation of photogenerated holes at the resonant tunneling structure (RTS) has been identified as reason for the RTD photosensitivity. 15 Coelho et al. have provided a model of the RTD current-voltage characteristic under illumination by calculating a photoinduced voltage shift and integrating it into Schulman's equation. 16 The voltage shift is given as a function of accumulated holes and is assumed constant across the whole bias voltage range. However, in our study, the photo-induced voltage shift is found to be strongly dependent on the bias voltage. Thus, to exploit the RTD photodetector's full potential, the best working points must be identified. This requires detailed knowledge of the RTD's photocurrent-voltage relation and the different parameters, which define it.
Here, we present a general study on the photoresponse and charge accumulation dynamics of RTD photodetectors.
The studied RTD is composed of an AlGaAs/GaAs double barrier resonant tunneling structure with a nearby and latticematched GaInNAs absorption layer. The device was studied for light sensing at the telecommunication wavelength at k ¼ 1:3 lm by means of electro-optical transport measurements. A strong nonlinear photocurrent-voltage relation was found and is attributed to various voltage dependent parameters. For low voltages, the photocurrent is negligibly small, mainly due to a low quantum efficiency gðVÞ. For high voltages the photoresponse is limited by the mean lifetime sðVÞ of photogenerated holes that are confined in the vicinity of the RTS. Fig. 1(a) shows a three dimensional sketch of the RTD photodetector. The RTD was grown by molecular beam epitaxy. The RTD's double barrier resonant tunneling structure consists of two 3 nm wide Al 0.6 Ga 0. 4 As barriers (red) embedding a 4 nm wide GaAs quantum well (grey). Between second AlGaAs barrier and GaInNAs absorption layer (light blue), a GaAs spacer layer with thickness of 1 nm was grown. The spacer layer is necessary to reduce defects at the RTS. 17 The Ga 0.89 In 0.11 N 0.04 As 0.96 absorption layer was grown lattice-matched to GaAs with a bandgap energy of E gap ffi 0:95 eV and thickness of 158 nm. The first 14 nm were undoped, while subsequently 144 nm were Si-doped with n ¼ 1:0 Â 10 17 cm À3 . RTD mesas with a diameter of 5 lm were fabricated using standard lithographic and dry chemical etching techniques. The bottom contact (substrate) was formed by an alloyed Ni/AuGe/Ni/Au contact. On top, a Ti/Pt/Au ring-shaped contact was evaporated, providing optical access combined with good electric contact. A polymer (Benzocyclobutene (BCB)) was used for mesa isolation.
In Fig the RTS. 15, 16, 18 As a result, the current-voltage (I(V)-) characteristic under illumination is shifted towards lower bias voltages (see Fig. 1(c) ).
The inset in Fig. 1 (c) shows a sketch of the electrical circuit. The RTD was operated in a two-terminal setup (with a single bottom contact), where a DC bias voltage V was applied to the Au-ring contact by a high precision voltage source (Hewlett-Packard 3251 Universal Source), and the current was measured as voltage drop V out across a series resistor with a digital multimeter (Keithley 2000 Multimeter). I(V)-characteristics were conducted in the dark and under illumination. A laser with emission wavelength k ¼ 1:30 lm was used for excitation. The incident illumination power was kept constant at P ¼ 9:6 lW. All measurements were performed at room temperature. Dark and illuminated I(V)-characteristics are shown in Fig. 1(c) as black and red lines, respectively. The I(V)-characteristic is asymmetric, due to the asymmetric heterostructure. For positive values of V, the current grows exponentially, and a pronounced bistability with threshold voltages V t1 ¼ 7:43 V (up-sweep direction) and V t2 ¼ 6:72 V (down-sweep direction) was found. For negative bias voltage, the current is diminished compared to positive bias voltage, and no region of negative differential conductance was found. When illuminated, the positive I(V)-characteristic (red line) shifts to smaller voltages by a photoinduced voltage shift DV, caused by an accumulation of photogenerated holes near the RTS. For negative bias, no photosensitivity was observed, demonstrating that no accumulation of photogenerated holes occurs.
The photocurrent I Ph was measured by subtracting the current in the dark I dark from the current under illumination I illu . The resulting photocurrent-voltage relation I Ph ðVÞ is depicted in Fig. 2(a) . I Ph ðVÞ is an asymmetric and nonlinear function of V, with a maximum of 120 lA at V ¼ 4:2 V. The two negative spikes are due to threshold voltage shifts of V t1 and V t2 . No photocurrent was observed for bias voltages below 0:35 V. Since I illu ðVÞ ¼ I dark ðV þ DVÞ;
16 the photocurrent-voltage relation can be defined as
Thus, the asymmetric and nonlinear photocurrentvoltage relation is ascribed to a voltage-dependent DVðVÞ. 
Here, n RTD and V h are constants defined by material parameters and heterostructure design. While n RTD can be extracted from the I(V)-characteristic in the dark to be n RTD ¼ ð2:660:3Þ%, V h is obtained by a simple electrostatic calculation to be V h ¼ ð0:8960:05Þ lV. 16 The accumulated holes' dynamics can be characterized by their generation and escape rates included in the second and first terms, at the right side of the equation
where sðVÞ is the lifetime of accumulated holes at the RTS, P=h is the incident photon flux (given by the incident illumination power P divided by the photon energy h), and gðVÞ is the RTD quantum efficiency. The RTD quantum efficiency is an external quantum efficiency defined as the probability of an incident photon to generate a minority charge carrier (hole), which is captured and accumulated at the RTS. For cw-illumination, an equilibrium condition (dN h =dt ¼ 0) is reached and thus
For negative bias, the applied electric field forces photogenerated holes away from the RTS, hence g ! 0. In Figs. 
2(b)-2(d), simulations of the valence band profile are plotted for increasing bias voltages from (b) to (d).
Due to a built-in electric field, a critical voltage V th;g must be surpassed to ensure efficient capturing of photogenerated holes for accumulation at the RTS. We define V th;g as the bias voltage, at which half the maximum quantum efficiency is reached. From first principles, gðVÞ is assumed to be a step-function. The calculated quantum efficiency as shown in Fig. 2(e) indicates that a simple drift-diffusion model describes the RTD quantum efficiency well. 19 To determine the step-like function, the first derivative of DVðVÞ was taken and is shown in Fig. 2(f) . The Gaussian shaped peak confirms that gðVÞ can be modeled by an error-function
where c is a parameter that accounts for steepness of the transition. For large enough voltages, gðVÞ approaches a constant value g 0 , which accounts for the absorption processes within the GaInNAs layer and loss mechanisms, such as reflections at the semiconductor-air interface. For our sample, we have calculated a value of g 0 ¼ 5:2%, taking only absorption within the GaInNAs layer and reflection at the semiconductor-air interface into account. 20 Besides the nonlinear, quantum efficiency gðVÞ that acts as the limiting factor of the RTD photoresponse for small and negative bias voltages, one has to investigate the voltage dependence of the mean lifetime sðVÞ of captured and accumulated holes.
To characterize the relevant lifetime, the RTD was excited with weak rectangular laser pulses of 100 ls width, and the photocurrent was measured as a function of time and bias voltages from V ¼ 0:00 V up to V ¼ 3:20 V. The illumination power was set constant at P ¼ 110 pW. The timeresolved photocurrent measurements were conducted using a digital oscilloscope instead of the Keithley 2000 Digital Multimeter. Additionally, the RC-time constant of the circuit (including the RTD) was experimentally determined to be s RC ffi 250 ns across the applied voltage range. Hence, s RC is orders of magnitude below the lifetime of photoinduced holes and thus can be neglected. Fig. 3(a) displays the photocurrent in a colored contour plot as a function of bias voltage and time. Dark blue represents no photocurrent and dark red the highest measured photocurrent of 160 nA. Fig. 3(b) shows temporal traces of I Ph for three different bias voltages: 1:50 V (black line), 2:00 V (red line), and 2:50 V (green line). When the light pulse is switched on, the photocurrent rises exponentially, and when the light pulse is switched off again, an exponential decline can be observed. Rise and decay are fastest for the highest bias voltage (V ¼ 2:50 V) and slowest for V ¼ 1:50 V. Also, the rise and decay of I Ph ðtÞ are not purely mono-exponential. There are several possible explanations for the non mono-exponential rise and decay, such as separate populations with different escape channels, a mean lifetime sðV; N h Þ that is also a function of accumulated charge carriers, or a combination of both. We have determined s by taking the time at which I Ph ðtÞ has decreased to 1=e of its maximum. The mean lifetime of holes is plotted on the logarithmic scale versus bias voltage in Fig. 3(c) . Over the whole voltage range, s is found to decrease exponentially with V from s ¼ 597 ls at 1.05 V to s ¼ 5 ls at 3:20 V. This compares well with the values in the order of 100 ls that have been reported for a similar RTS at cryogenic temperatures. 9 Nevertheless, considering the room temperature environment of our experiment, the measured lifetimes seem strikingly high, since with increasing temperature, further escape channels such as thermionic emission are triggered in addition to pure tunneling. Indeed, the exponential decay of s with V suggests a thermal process to be the dominating factor in the escape of accumulated holes. For our sample, we propose a simple exponential decay
where s 0 is the lifetime for zero bias, k B is the Boltzmann's constant, q 0 is the elementary charge, T is the temperature, and b is a dimensionless decay constant. Using Eq. (5) (5) and (6) into Eq. (4), DVðVÞ can be calculated as
Then, I Ph ðVÞ can be calculated by inserting Eq. (7) into Eq. (1). Indeed, this set of equations provides useful insight on how to optimize RTD photodetectors.
In Fig. 4(a) , the photoinduced voltage shift DV (black line) according to Eq. (7) is shown schematically as a function of bias voltage V. DV is governed by the RTD's quantum efficiency gðVÞ at low voltages and by the lifetime of accumulated holes sðVÞ (blue line) for higher voltages.
Experimentally determined values (black spheres) and best fit after Eq. (7) (black line) of the photoinduced voltage shift at an incident power of 5:5 pW are shown in Fig. 4(b) . The corresponding photocurrent is shown as red spheres (experimental data) and red line (simulation). For the experimental data, we extracted the following parameters: ððg 0 s 0 V h Þ=ð2n RTD hÞÞ ¼ 1:60 Â 10 10 V/W, c ¼ 2:87, V th;g ¼ 1:22 V, and b ¼ 14:4. While c and V th;g are in excellent agreement with the expected values (due to the Gaussian fit, see Fig. 2(f) ), b is slightly reduced with respect to the expected value of 17.3. The best fit value for ððg 0 s 0 V h Þ=ð2n RTD hÞÞ is reduced by a factor of 3.07. The most likely explanation for such a discrepancy is a more realistic maximum RTD quantum efficiency of g 0 ¼ 1:7%, since the estimated value of 5.2% was calculated without considering additional loss mechanisms that might take place. One can distinguish three different voltage regions for RTD light detection. The red shaded region of up to 1:00 V marks the worst possible choice for setting the operation point. Here, the RTD's quantum efficiency is close to zero, which suppresses any photosensitivity. The green shaded region from 1:00 V up to 2:50 V represents the region of highest photosensitivity, with a maximum voltage shift and photocurrent. The yellow shaded region for voltages greater than 2:50 V is governed by decreasing lifetimes of accumulated holes and the photoresponse decreases. However, reduced mean lifetimes lead to faster response times, which qualifies this region for higher operating frequencies.
In summary, we have presented a general study of the RTD photoresponse and the photocurrent-voltage relation of an RTD photodetector. The discussion is applicable to any kind of RTD photodetector and leaves room for further modifications by adjusting Eqs. (5) and (6) . The photoresponse of an RTD is defined by three basic and voltage dependent parameters: (i) The quantum efficiency gðVÞ, which is a measure of how efficiently photons excite carriers that are then captured for accumulation at the RTS. (ii) The mean lifetime of accumulated charge carriers at the RTS. (iii) Electronic transport properties of the RTS, by name, the RTD's current-voltage characteristics in the dark. The most crucial and limiting parameter is the lifetime of photogenerated and accumulated charge carriers, which sets upper bounds for the device sensitivity and operation frequency. 
